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M. O. Taylor

ABSTRACT

In the longitudinal vibration analysis of liquid
fueled rockets an accurate finite element representation
of the propellant is required. Essentially this involves
deriving a mass matrix for a fluid.

This memorandum describes a computer program,
which can be used to compute the mass matrix for a liquid
propellant contained in an elliptical tank. The program
is based on a method developed by R. L. Goldman of RIAS,
and involves solving the governing hydrodynamic equations
by finite differences.

The input to the program consists merely of the
tank dimensions, the liquid depth and a grid parameter for
the finite difference scheme.

A sample problem, with tank dimensions correspond-
ing to the S-II LOX tank, is solved.
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M. 0. Taylor

MEMORANDUM FOR FILE

1. INTRODUCTION

In the longitudinal vibration analysis of liquid
fueled rockets by finite element methods, it is necessary
to have an accurate representation of the ligquid propellant.
While the inertial properties of the rocket structure can
be discretized by inspection, discretization of the liquid
propellant with its inherent fluidity is much more diffi-
cult.

An accurate method for discretizing the liquid
propellant must be based on hydrodynamic equations and

given boundary conditions. The report by Goldman-r describes
one such method where the inertial properties of the pro-
pellant are conveniently represented in terms of the pro-
pellant tank motion alone.

This memorandum describes a computer program,
based on Goldman's method, which on input of the tank dimen-
sions, the liquid depth and a grid parameter (used in the
finite difference solution of the hydrodynamics) yields the
mass matrix for a propellant contained in an elliptical tank.

At present the program is limited to depths of
less than half full. Furthermore, the location of the tank
generalized co-ordinates is determined by the finite differ-
ence grid and cannot be specified by the user. A modified
program is being developed to overcome these limitations.

2. GENERAL DESCRIPTION

The main routine MAIN governs the flow of the whole
problem. A system flow chart to illustrate this is given on
page Al. The comments in the program listing allow easy
reference between the flow chart and the program. MAIN uses
as subroutines ELI2, INTGR, PRINT, AXIS, MSTPER, MXMLT,
MTXADD and GJR.

+Longitudinal Vibration Analysis of Partially-Filled
Ellipsoidal Tanks by Finite Differences, R. L. Goldman,
Research Institute for Advanced Study, Technical Report
No. 70-6C, August 1970.
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ELI2 is not shown as a subroutine on the flow chart
of MAIN. It is used in the calculation of the arc length and
the calculation of the GBAR matrix. It is a canned routine,
which computes an elliptic integral of the second kind. It
has many comments giving the calling sequence and a note on
where to find the numerical method used.

INTGR is the subroutine, which does a seven point
integration. It is not shown on the flow chart for MAIN. It
is used in the calculation for the GBAR matrix. It's calling
sequence is:

RSLT: this returns the integral.
F: is a vector giving seven values, which are used to

calculate the integral.

PRINT is implied on the flow chart in the blocks
for print matrix. It prints out a matrix by rows. It's
calling sequence is:

A: the name of the matrix to be printed.

NR: the actual number of rows of the matrix.

NC: the actual number of columns of the matrix.

IR: the maximum number of rows of the matrix in the

dimension statement of the calling sequence.

IC: the maximum number of columns of the matrix in the
dimension statement of the calling program.

NAME: a six hollerith character, which is the name of the
matrix.

AXIS is the subroutine that does the calculations for
all the axis points.

MSTPER is the subroutine that controls the use of the
subroutines PERIPH and GENINT. Since it is one of the key-
stones of the program a system flow chart is given on page A2.
It has no calling sequence.

PERIPH is the subroutine that performs the calcula-
tions of the peripheral interior and boundary points. It uses
as subroutines ELI2 and WEGIT. Since it is again a keystone
of the program a system flow chart is given on pages A3 and
A4. The calling sequence for PERIPH is:

L: the number of the column.

NTYPE: the type of the peripheral interior point (described
in Goldman's report).
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IBND: is the number of the lower boundary point.
IPLS: 1is the number of the upper boundary point.

IR: is the number of the general interior points
in the column.

WEGIT is one of the MATH PACK subroutines. It has
been modified to eliminate print from every iteration.

MXMLT is not indicated on the flow chart of main as
a subroutine. It is a MATH PACK subroutine and is used in
calculations for the derived matrices.

MTXADD is a subroutine that adds the matrix B to
the matrix A and stores the result in matrix A. The calling
sequence is:

A: the first matrix and the result.

B: the matrix to be added to A.

IR: the actual number of rows of the A and B matrices.
IC: the actual number of columns of the A and B matrices.
NR: the maximum nmmber of rows of A and B.

NC: the maximum number of columns of A and B.

3. PROGRAM PRINTOUTS

(I) If IDGST = 3 or 0 the printout is as follows:

BOUNDARY POINTS. The first column headed POINT
gives the number of the boundary point. The second column
headed LAMBDA is the normalized A co-ordinate of the point,
and the third column headed Z gives the normalized z co-
ordinate of the point. The fourth column headed COLUMN is
zero if the boundary point is not a multiple of h, otherwise
it is the column number. The fifth column headed ROW is zero
if the point is not on a row mesh point (i.e. a multiple of 4d),
otherwise it is the row number. The sixth column headed ARC
is the normalized arc length along the boundary measured from
the bottom of the tank. The last column headed ANG NORM is

the angle (in radians); the outward normal to the ellipse makes

the upward z axis. Below the boundary point information is a
table listing the input data.

MASS MATRIX. The mass matrix printed out is the

liguid mass matrix divided by 2nR3y.

(II) If IDGST = 2 the information additional to
section (1) that is printed out is as follows:
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GBAR MATRIX. This matrix is defined in Goldman's
report. In most cases one row of the matrix will require more
than one row of printing.

M1, N1, N2, Rl, S1, 2, H, S, N, (M1)~} MATRICES.
All of these matrices, which are printed in the order above,
are defined in Goldman's report.

(ITI) If IDGST = 1 the information additional to
sections (1) and (II) that is printed out is as follows:
(Note. This information is given each time the subroutine
PERIPH is called, i.e., as many times as there are peripheral
interior points).

WEGSTEIN VALUES. The first value ZK is the approxi-
mation of the z co-ordinate at the pseudo boundary point; FX
is the implicit value of the z co-ordinate evaluated at z;

E is the permissible error; K is the switch, which is 2 at
normal completion; NIT is the number of iterations to have the
absolute difference of FX and ZK less than E.

OMGBAR. This is the arc length ratio Q.

PERIPH MATRIX. This is the B matrix (printed out
by rows).

INVR MATRIX. This is the inverse of B.

VEC. This contains the premultipliers used to
calculate the peripheral interior points.

VEX. This gives the coefficients for the peripheral
interior points. The second print of VEX gives the coefficients
for the peripheral boundary points. For the type 1 boundary
there will be a third print of VEX relating to the second
boundary point.

4. PREPARATION OF INPUT DATA

The input is in NAMELIST format as follows:

SDATP*
ABAR: the semi-major axis.
BBAR: the semi-minor axis.
DCAP: the depth of liquid.
N: the mesh size parameter (in practice N > 5).

CI: the interpolation constant used to remove a boundary
point which is close to another point.
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IDGST:

2031-

TJR

Mo 233 {N . 0. Taylor

if o1 » 2rS length between the two close boundary points
arc length between the first two boundary points '

interpolation carried out (in practice CI = 0.20)
if CI = 0. no interpolation is carried out.
if the print parameter (see section 3).

if IDGST = 0 or 3 only the boundary points and the
mass matrix are printed out.

Wi

T. J. Rudd

Attachments



APPENDIX A: FLOW CHARTS

- Al -

10 ETANK1MAIN

READ IN IDGST,
THE SEMI-MAJOR & MINOR AXES
DEPTH OF FLUID # OF DIVISIONS

ARE
DIAGNOSTIC
PRINTS OF THE
2ND & LOWER
LEVELS
WANTED

313

USE GJR ERROR
TO INVERT THE
M¢ MATRIX

ARE
DIAGNOSTIC
PRINTS OF THE 2ND
& LOWER LEVELS
WANTED

CALCULATE THE
NORMALIZED COORDINATES

PRINT THE M1, Ny,
N2, R, 81, S AND
H MATRICES

NO

DETERMINE THE NO. OF
INTERIOR POINTS FOR
EACH COLUMN & THE
VALUES OF A & Z FOR
THE BOUNDARY POINT an

CALCULATE THE S
MATRIX

PRINT M1 INVERSE

~ e *

314

CALCULATE THE As &
Zs FOR THE ROW
BOUNDARY POINT

ARE
DIAGNOSTIC
PRINTS OF THE
SECOND & LOWER
LEVELS WANTED

COMPLETE THE CALCU-
LATION FOR THE Q
MATRIX

ELIMINATE THE
DUPLICATE As IF THEY
EXIST

ARE
DIAGNOSTIC
PRINTS OF THE
2ND & LOWER
LEVELS WANTED

CALCULATE TOTAL ARC

LENGTH & THE G
MATRIX PRINT THE S MATRIX

PRINT 2s, Zs,

ROW #, COLUMN #, L CALCULATE THE N MATRIX j
ARC LENGTH & THE

ANGLE OF THE NORMAL

PRINT THE Q MATRIX

315 |

CALCULATE & PRINT
A THE MASS LIQUID MATRIX

ARE
DIAGNOSTIC
PRINTS OF THE
2ND & LOWER
ORDER WANTED

DIAGNOSTIC
PRINTS OF THE NO

2ND & LOWER |
LEVELS WANTED

DO
BOUNDARY
POINTS NEED
INTERPOLATION?,

YES

PRINT THE N MATRIX

PRINT THE G MATRIX

j¢————
PREPARE INTERPOLATION
316 COEFFICIENTS
USE AXIS
TO CALCULATE THE :'523 . : Ao Nz ° l
AXIS POINTS IN THE MATRIGES
Mq,Nj &Ny CALCULATE AND PRINT
MATRICES THE INTERPOLATED
QMATRIX, MASS MATRIX
400 AND BOUNDARY POINT TABLE
USE MSTPER *WRITE ERROR MESSAGE
TO COMPLETE THE
CALCULATIONS FOR THE
M4, N4, N2, R, Sq, Q
S2 & H MATRICES




140

NTYPE =1 -

-~ A2 -

INITIALIZE

100

MAKE CHANGES NEEDED TO
MOVE TO NEXT COLUMN

110

INCREASE THE UPPER
AND LOWER BOUNDS FOR
THE WORKING AREA

ISTHIS A NO
COLUMN BOUNDARY

POINT

USE PERIPH
TO CALCULATE THE TYPE
1PERIPHERAL AND
BOUNDARY POINTS

180

USE GENINT
TO CALCULATE THE
GENERAL INTERIOR
POINTS FOR COLUMN

1S

THIS POINT
ALSO A ROW
POINT

NTYPE = 2 I

USE PERIPH

TO CALCULATE THE TYPE
2 PERIPHERAL AND
BOUNDARY POINTS

ETANK1. MSTPER

o ISIT
FOLLOWED BY A ROW
BOUNDARY
POINT

160

DECREASE IRBY 1
NTYPE=3

USE PERIPH
TO CALCULATE THE TYPE
3 PERIPHERAL AND
BOUNDARY POINTS

[

ALSO A COLUMN
BOUNDARY POINT

IS THIS THE
NEXT TO LAST
BOUNDARY
POINT

REVERSE THE ORDER
OF THE ROWS OF
THE H MATRIX




- A3 ~
ETANK). PERIPH

180 2000

CALCULATE THE THREE
UNIQUE ROWS OF THE
I 8 MATRIX

L CALCULATE ARC LENGTH ]

CALCULATE THE PRE-MULTIPLY
VECTOR FOR ALL PERIPHERAL
INTERIOR POINTS

WRITE FX, 2K, E, K
& # OF ITERATIONS °

3000

CALCULATE THE 3RD

CALCULATE THE LAST
TWO ROWS OF THE
B MATRIX

I

PREPARE TO USE THE
WEGSTEIN INTERATION

150 |

r CALCULATE FX {FY} j

USE
WEGIT TO
CALCULATE A
NEW FX (FY)

K=

OOOE

ERROR MESSAGE .
NO CONVERGENCE

170

ERROR MESSAGE
OVERFLOW

CALCULATE §?

L = ROW OF THE B MATRIX

190

IS
ONLY THE FIRST
LEVEL OF DIAGNOSTICS
WANTED

IS ONLY
THE FIRST LEVEL
OF DIAGNOSTICS
WANTED

PRINT THE B MATRIX
PRINT () AND NTYPE

187
CALCULATEQ, (24,
Qi & THEIR SINES &
COSINES USE GJR ERROR
TO INVERT THE B
MATRIX
YES @ 210
IS THE NO
FIRST LEVEL OF
DIAGNOSTICS
WANTED
NO
1000

CALCULATE THE 1ST &
2ND ROWS OF THE
B MATRIX

PRINT B INVERSE

YES 215
PRE-MULTIPLE B INVERSE

8Y VEC

NO

IS THE
FIRST LEVEL
OF DIAGNOSTICS
WANTED

NO

PRINT THE RESULT VEX

| NTYPE

1




1020

STORE ELEMENTS OF THE
M,.N;, AND N, MATRICES
FOR THE TYPE 1 PERIPHERAL
INTERIOR POINTS

NT PE=4

1030

COMPUTE VEC THO PRE-
MULTIPLIER VECTOR FOR

L

215

2020

STORE ELEMENTS OF THE
M;. N;, AND Ny MATRICES
FOR THE TYPE 2 PERIPHERAL
INTERIOR POINTS

NTYPE = 6

2040

COMPUTE VEC THE
PREMULTIPLIER FOR

L+

3020

STORE ELEMENTS OF THE
M,.N;. AND N, MATRICES
FOR THE TYPE 3 PERIPHERAL
INTERIOR POINTS

NTYPE =7

9

ERROR MESSAGE
THE MATRIX DID NOT
INVERT

- A4 -

4020

PREPARE ROW INDEX

FOR Y ,1FOR THE TYPE

1 PERIPHERAL BOUNDARY
POINTS

NO 855 ARE THERE
ANY COINCIDENT
POINTS

YES

N ISTHIS
A COINCIDENT POINT

YES

h@" HAS THIS ROW YES
ALREADY BEEN
CALCULATED

-1 NO

4028

STORE ELEMENTS OF THE
R;.S1. ANDS; MATRICES
FOR THE TYPE 1 PERIPHERAL
BOUNDARY POINT

ISNTYPE YES
=5
NO
NTYPE=§ J
2040

5020

PREPARE ROW INDEX
FOR |y FOR THE TYPE
1 PERIPHERAL BOUNDARY

POINTS

RETURN

ETANKI. PERIPH (CONT'D)

ARE THERE
ANY COINCIDENT
POINTS

NO q,°1'°

IS THIS
A COINCIDENT POINT

NO

HAS THIS ROW
ALREADY BEEN
CALCULATED

NO

6028

STORE ELEMENTS OF THE
Ry, Sy, Sy MATRICE FOR THE
TYPE 2 PERIPHERAL BOUND-
ARY POINTS

ARE THERE
ANY COINCIDENT
POINTS

NO 10"9

IS THIS
A COINCIDENT POINT

NO

HAS THIS ROW
ALREADY BEEN
CALCULATED

ey NO

7028
STORE ELEMENTS OF THE
R).S;. AND S; MATRICES
FOR THE TYPE 3 PERIPHERAL
BOUNDARY POINTS
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